A theoretical study of the time-of-flight (TOF) distributions of neutral species produced by low-fluence pulsed laser evaporation in a vacuum has been performed. A database of TOF distributions has been calculated by the direct simulation Monte Carlo method. The calculated TOF signals have been fitted by a modification of the shifted Maxwell-Boltzmann distribution function with the only parameter being the shift velocity. The dependence of the shift velocity on the number of evaporated monolayers has been described by an analytical expression, derived based on the gas-dynamic analysis of pulsed gas expansion into a vacuum. This expression allows the derivation of a new formula for TOF distributions for neutral particles with the only parameter being the surface temperature. This new formula has been used for the analysis of experimental data on pulsed laser ablation of niobium, copper, graphite and gold. The evaluated surface temperature agrees well with the results of the thermal model calculations and available experimental data with an error of 10% instead of 50-150% for commonly used formulas.
Introduction
Time-of-flight (TOF) measurements represent an important instrument for studying mechanisms and dynamics of pulsed laser ablation and desorption [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . The TOF signals characterize the velocity distribution of the laser-produced particles, and allow us to reveal different populations and estimate their translational energy. In the TOF distributions, information on the mechanism of ablation (thermal or non-thermal), on the thermodynamic state of the irradiated surface and on the whole ablation dynamics is encoded, including the amount and composition of the ablated material, gas-dynamic and plasma processes, effects of ionization and absorption of laser energy within the plume. Proper interpretation of the TOF distributions can considerably improve the analysis of the processes accompanying pulsed laser ablation (PLA) and hence facilitate the development of laser ablation-based techniques on thin film deposition and nanomaterial synthesis [1] [2] [3] [4] [5] [6] [7] [8] . A correct interpretation of TOF signals is also vital for the analysis of laser-induced photodissociation and desorption of atoms and molecules from solid surfaces [9] [10] [11] . Lack of an adequate theoretical description of TOF distributions is one of the causes of a long-standing puzzle in PLA theory; namely the inexplicable hyperthermal particle energies observed for thermally vaporized materials [12] . This problem has not been solved in many years of research. Even the simpler question of which temperature of the irradiated surface corresponds to a particular TOF distribution for laser-produced neutral particles has not been clearly resolved.
The TOF signals for a density-sensitive detector for the case of collisionless expansion are usually fitted by the Maxwell-Boltzmann distribution
where L is the distance to the detector, k is the Boltzmann constant, m is the molecular mass and T free is the surface temperature. This formula is derived based on the assumption of the Maxwellian distribution function for velocities of evaporating molecules (appendix A). Under collisional expansion the velocity distribution function is modified, and the TOF signals are commonly approximated by equation (1) assuming that, due to collisions, the cloud of ablation species obtains the stream velocity V flow 
where T flow is a characteristic temperature of the formed flow. Expression (2) was initially used to analyze velocity distributions under supersonic expansion in molecular beams [13, 14] . Later it was applied for the analysis of molecular scattering from a surface [15] and pulsed desorption and sputtering [16] [17] [18] [19] . For steady jets the fitting parameters V flow and T flow correspond to the jet velocity and temperature at the skimmer entrance. However, for pulsed plumes they cannot be generally attributed to real physical characteristics of the process. The expressions (1) and (2) have been utilized for more than two decades for qualitative interpretation of TOF distributions of the PLA species. Kelly and Dreyfus proposed that these fitting parameters should correspond to the parameters at the Knudsen layer boundary [3, 4] . However, in the context of this approach, the gas-dynamic parameters of the flow should not change after the Knudsen layer, which is not true for experimental conditions when the plume molecules undergo many collisions during expansion. As a result, the flow temperature determined by this approach greatly exceeds a reasonable range of the irradiated surface temperature [7] .
Other approaches for TOF spectra analysis have been proposed as well. Angular distributions have shown that TOF distributions for different angles cannot be described by one pair of parameters. To take into consideration the angular dependence, Kools et al proposed the elliptic Maxwell-Boltzmann distribution with three independent parameters (velocity and radial and axial temperatures) [20] . However, understanding of the clear physical meaning of these parameters is missing. To overcome these difficulties, Zhigilei and Garrison proposed a modified function with two physical parameters (the plume temperature and the maximum stream velocity) [21] , although this is of limited use for the analysis of real TOF distributions. An analytical model of TOF distributions, which takes into consideration the gas expansion after the Knudsen layer formation, has been proposed recently [22] . However, the model includes an additional free parameter, characterizing the transition from the continuum-like flow to the collisionless one, which complicates the analysis. To summarize, a valid theory of TOF distributions is still lacking.
The TOF distribution depends on many factors, such as the mechanism of ablation (thermal, photochemical, phase explosion, Coulomb explosion, etc.), absorption of laser irradiation within the plume and ionization of the plume species, gasdynamic, chemical and plasma self-acceleration processes [23] , and presence of the background gas. In the frames of the present work we consider a simple case of thermal evaporation followed by gas-dynamic expansion of a neutral plume into a vacuum. Such a problem statement is appropriate for the analysis of any TOF measurements of neutral particles which are vaporized, sputtered or desorbed due a pulsed heat source [3] . To model such flows, the direct simulation Monte Carlo (DSMC) method [24] was used. This method is widely used for simulations of rarefied flows, including those typical for PLA applications [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] . When it is applied for PLA simulations, it is presumed that thermal evaporation takes place and the laser-induced plume is not ionized. It was shown that the DSMC method can be used for adequate modeling of TOF distributions under PLA in a vacuum [7, 12] . This method has been applied for the analysis of TOF distributions under PLA into a vacuum and a background gas with special emphasis on the evaporation heat effect [31] , and for studies of the influence of the number of evaporated monolayers [35] . Recently it was shown [36] that using the calculated database of TOF distributions combined with a simple analysis of evaporation allows interpretation of the experimental TOF signals and determination of both the irradiated surface temperature and the amount of the evaporated material. However, application of the proposed approach requires a full numerical database of TOF distributions, which considerably restricts its usefulness.
This work presents a physically grounded derivation of a new formula for the interpretation of TOF distributions for neutral particles under pulsed evaporation in a vacuum based on analysis of DSMC-calculated data. The special point of the proposed model is that it describes the microscopic physics of the plume gas collisions in detail. At the same time, it is simple enough and does not involve any additional fitting parameters except the surface temperature. It is shown that the obtained formula allows correct determination of the conditions at the surface during evaporation in contrast to the commonly used formulas.
DSMC calculations

Model
A 2D axially symmetric problem of pulsed evaporation of molecules into a vacuum is considered. The mechanism of normal evaporation [37] is assumed. This mechanism is commonly considered to be adequate for describing nanosecond laser ablation and desorption for moderate laser fluences (up to 10-20 J cm ) for different materials including metals [38] [39] [40] [41] , graphite [40, 42, 43] and semiconductors [40, 44, 45] , with the calculated evaporation rate agreeing well with numerous experimental measurements [38-41, 44, 45] . It should be noted that for the considered conditions the experimentally observed evaporation depth can be up to ~300 nm [38] [39] [40] [41] 45] , which is equivalent to hundreds of evaporated monolayers.
Molecules are evaporated with the energy corresponding to a surface temperature T 0 . The pressure of saturated vapor is determined by the Clausius-Clapeyron equation
where T b is the boiling temperature under the pressure p b , and L V is the latent heat of evaporation. Note that the parameters T b and p b do not suppose the boiling vaporization mechanism and are used only as normalizing values. It is assumed that, during a time interval τ, the particle flux Ψ is constant and equal to
where
The DSMC method [24] is used for calculations. In this method the time evolution of the gas cloud is obtained by following test molecules, which represent a large number of real molecules. The simulation is performed within a cylindrical volume subdivided into a network of cells. After a time step, every particle is moved in accordance with its individual velocity, and then interparticle collisions are simulated within each cell using probabilistic models. The simulated volume is successively increased in such a way that no particles could reach the volume boundaries, and the cell network is reconstructed accordingly. In calculations we used 10 6 ÷ 10 8 test molecules and 10 4 ÷ 10 6 cells. The molecules are treated in the frames of the hard sphere model. A polyatomic gas with j internal degrees of freedom is considered. To account for the internal degrees of freedom, the Larsen-Borgnakke model is used [24] . Collisions are classified as elastic for monatomic gases and inelastic for polyatomic gases. If a collision is considered as inelastic, the total energy is reallocated between the translational and internal degrees of freedom by sampling from their equilibrium distributions. All backscattered molecules which reach the evaporating surface are assumed to recondense on the surface.
The problem is characterized by two parameters: the evaporation spot radius R and the number of evaporated monolayers
where Σ = σ/4 is an area occupied by one molecule at the surface, σ = πd 2 is the collision cross-section and d is the hard sphere diameter. These parameters allow us to define the inverse relative thickness of the 'initial' gas cloud, which forms at the end of the laser pulse action
The considered problem requires large computer resources. To reduce them, the initial stages for some regimes (with a dense initial cloud, e.g. Θ > 10 for b = 10) were calculated using the 'equilibrium' modification of the DSMC method [46] .
Analysis of DSMC data
Calculations have been performed for a wide range of the determining parameters: Θ = 0.001 ÷ 100, b = 10 and 100, j = 0 ÷ 9. Performing calculations for Θ > 100 was not possible due to the limitations imposed by computer resources (simulation time and available memory). However, with further increasing Θ, the obtained flow should approach a limiting continuum regime (e.g. by 1D simulations, it was demonstrated that the TOF distribution for Θ = 1,000 is very much the same as the continuum one [35] ). Thus the considered range of parameters is believed to be sufficient for an approximate analysis.
For each pair (Θ, b) the calculations have been performed until the completely collisionless stage of the expansion. At different time points the velocity distribution was calculated for those molecules which were located within a 2° cone around the normal to the surface that corresponds to TOF measurements with sampling ablation species from the plume axis. During the initial stage of the expansion, the velocity distribution is strongly modified, whereas after time t = 1,000 ÷ 10,000 τ it becomes invariable. Calculations have demonstrated that decreasing the cone angle has a negligible effect on the obtained distribution. Thus the final (invariable) velocity distribution f DSMC (u, Θ, b) is considered as the velocity distribution of molecules, which should pass through a detector located at the normal at an infinitely large distance from the surface. The calculated set of velocity distributions f DSMC (u, Θ, b) has been used as a reference database for the analysis using a normalized version of formula (2):
Each numerical distribution f DSMC (u, Θ, b) was fitted by equation (7) . Figure 1 shows typical velocity distributions in comparison with the fitting curves. With increasing Θ the fitting becomes less accurate, which confirms the previous results [35] . (7) and (8).
tendencies have been observed in an experimental TOF study of neutral particles produced by laser ablation of frozen glycerol: the fitted center-of-mass velocity of TOF spectra steadily increases with increasing laser fluence, while the fitted temperature shows an initial increase followed by a decrease [47] . Since increasing laser fluence results in increasing the number of evaporated monolayers, such a comparison is reasonable. It should be stressed that T flow can be much higher than the surface temperature T 0 , which was confirmed by the DSMC analysis of TOF distribution for niobium [7] .
It is interesting to analyze the dependences shown in figure 2 in terms of the Knudsen layer temperature T K , which is commonly attributed to T flow [3] . For j = 0, ∼ T flow varies in the range from 0.8 to 1.5. Given T K ≈ 0.67 T 0 [48] , we have a variation of T flow in the range from 1.2 to 2.2 T K . For j = 2, T K ≈ 0.78 T 0 [48] , which means that the T flow value varies in the range from 1.3 to 3.2 T K . Considerable exceeding of T flow over T K is not physically grounded for adiabatic expansion and, thus, is a clear indication that the formula (2) is not valid for quantitative interpretation of the PLA conditions using the Knudsen layer parameters.
It is practically impossible to assign physical characteristics of the plume to the values of T flow and V flow , although they can be used for qualitative studies of general behaviors of PLA plumes and a rough estimation of the plume energy. Here we propose a new expression with only one parameter, the shift velocity ∼ V , fit simplifying equation (7) to the form
Hence, it is presumed that the TOF signal is characterized by the surface temperature ( . Thus it can be proposed that the TOF distributions are primarily determined by the number of evaporated monolayers Θ, while the spot size effect (the ratio b) can be disregarded.
Derivation of the new formula
Kinetic energy along the surface normal
A new formula for describing the relationship Θ ∼ V ( ) fit can be derived based on general analysis of the energy balance during expansion of the laser-induced plume into a vacuum. Let us estimate the kinetic energy E || of the plume motion along the normal to the surface. First let us find the relation between E || and V fit , then the relation between E || and the number of monolayers Θ, and finally determine the relation-
Suppose that the velocity distribution function for molecules arriving at the TOF detector corresponds to equation (8) . Then the distribution function for the velocity component along the surface normal for all molecules in the plume is
and the corresponding energy can be expressed as 
Analysis of numerical results using equation (11) has demonstrated that the obtained coefficient κ differs for different values of the number of internal degrees of freedom j with a clear tendency of decreasing from κ = 1.17 (for j = 0) down to κ = 0.52 (for j = 9). Therefore it is proposed to use a variable coefficient κ = κ(j), which will be determined later.
Let us derive the expression for energy E || (Θ) from general considerations of the unsteady gas expansion into a vacuum under the assumption of energy conservation within the plume. Assuming that the surface temperature T 0 is constant during evaporation, the total energy in the evaporated molecules in the plume is
where E ⊥ is the kinetic energy in the direction perpendicular to the surface normal and E int is the internal energy. Energies 0 can be directly calculated using the distribution functions (A.1) and (A.2), respectively (see appendix A). During the gas expansion, the thermal energy of particles is converted into the directed flow energy of the cloud. Hence, the cloud is cooled and simultaneously the gas thermalizes to a smaller temperature, which is accompanied by increasing E || and decreasing E ⊥ . This effect has been noted in the previous DSMC studies [25, 28] and demonstrated in [34] . In one collision let E ⊥ be reduced by a fraction δ. Then after N collisions one has
A similar formula can be proposed for the internal energy as well. Assuming that the total energy is conserved during expansion, the following expression can be derived for the energy component E || as a function of the number of collisions:
The number of collisions per molecule during expansion is known to be near-linearly dependent on the number of evaporated monolayers [25, 49] . Figure 4 presents the number of collisions calculated for different values of b and j, which can be approximated by the linear dependence N = N 1 Θ (N 1 = 6 is the number of collisions per molecule for evaporation of one monolayer). Then the energy E N ( ) can be rewritten as a function of the number of evaporated monolayers:
where α = N 1 δ is the energy relaxation rate coefficient. From equations (11) and (15) one can derive the following expression for ∼ V :
is the maximum shift velocity. The unknown function κ(j) can be determined from the analysis of the DSMC-calculated data. Figure 5 shows the shift velocity ∼ V fit versus the number of evaporated monolayers as determined from fitting different numerical TOF distributions. The solid lines correspond to equation (16) with the fitting parameters plotted versus j in figure 6 . It is found that V max dependence is well described by the function 
which implies that κ(j)
Energy relaxation rate
To determine the energy relaxation rate coefficient α, let us consider the energy redistribution between different degrees of freedom during pulsed expansion of a molecular gas into a vacuum by the example of the internal energy. In one collision, the new internal energy of a molecule is
.
From another side, this new internal energy can be estimated based on an analysis of energy redistribution in the collision. The energy ΔE redistributing between the internal and translational degrees of freedom is less than the total energy E total by the value of energy corresponding to the directional motion of molecules. Thus the energy participating in the energy redistributing between different degrees of freedom during collisions is
is the fraction of the energy which corresponds to the thermal (chaotic) motion of particles in the direction along the surface normal. Note that the other energy component E ||,V corresponds to the directional motion, so that E || = E ||,V + E ||,T . Assuming that energy ΔE is proportionally distributed between all degrees of freedom, the post-collision energy is
Taking into account equation (18), the following expression for δ can be obtained:
To determine the ratio g, let us use the well-known 1D analytical solutions for pulsed expansion into a vacuum [50] . For collisionless expansion one can derive that g = 0.13. For the continuum regime of expansion, the value g can be expressed as
For j = 0 we have g = 0.125, which is very close to the collisionless value. Details of the corresponding analysis are presented in appendices B and C.
Using equations (21) and (22) and assuming N 1 = 6, we obtain the following expression for the energy relaxation rate coefficient α:
In figure 6 one can see good agreement between this function and the DSMC-based calculated data. This proves that the coefficient α actually determines the energy relaxation rate during the pulsed expansion of a molecular gas into a vacuum.
Final formula
Using these derivations, we obtain the following expression for the TOF distribution in dependence of the number of evaporated monolayers:
. 
Using equation (5) for the number of the evaporated monolayers Θ, one can obtain the final formula for the TOF distribution The maximum shift velocity V max and the energy relaxation rate coefficient α from equation (16) as functions of the number of internal degrees of freedom j (points). The solid line corresponds to equation (17) and the dashed line to equation (23) .
Here the surface temperature T 0 is the only fitting parameter. It is worth noting that in the actual situation the temperature of the surface is non-uniform along the radius of the laser-irradiated spot and varies during laser irradiation. The temperature T 0 in equation (25) is an effective temperature of the surface averaged over all evaporated particles. Since the major portion of the ablated material is evaporated under the maximum surface temperature T max , T 0 should not be much less than T max . For example, it was shown that under niobium ablation T 0 is only 4% smaller than T max (6,757 K versus 7,028 K) [7] .
It should be stressed that deriving this formula we used only two empirical constants based on the numerical data: first, the coefficient κ(j) (17) , which is somewhat different from theoretically grounded unity for better describing DSMC dependences; second, the number of collisions N 1 = 6, which can be hardly deduced from the theory.
Some ambiguity can be related with determining the values of the evaporation duration τ and hard sphere diameter d in equation (25) , which is discussed in appendix D. Particular care should be taken with proper choice of the number of internal degrees of freedom j. In the frames of the used model it is assumed that the internal degrees of freedom are involved in the energy transfer in such a way that their energy corresponds to complete equilibrium with the translational temperature T t (E int = 0.5 jkT t ). Such an approach is justified for the rotational degree of freedom, while for vibrational degrees of freedom it is necessary to introduce some effective degrees of freedom with consideration for the real vibrational relaxation rate [49] .
It is worth noting that formula (25) can be used for the analysis of TOF distributions under pulsed laser desorption as well. However, it fails in TOF interpretation for laser desorption under the conditions when all molecules of adsorbate desorb during laser irradiation. For such conditions the number of evaporated monolayers Θ can be much smaller than predicted by equation (5), which requires us to use equation (24) and determine Θ using additional considerations (from experimental measurements, for example).
The present formula is limited mostly to nanosecond pulsed laser irradiation with moderate fluence, when thermal evaporation takes place and absorption of laser energy in the plume and species ionization are negligible. For longer pulse duration (micro-or millisecond) this formula cannot be valid, since for such conditions the initial inverse relative plume thickness b << 1 while we consider case of b ≥ 10, which is accompanied by other plume dynamics [28] . In addition, for such regimes the number of evaporated monolayers Θ >> 100, which is usually accompanied by laser absorption within the plume. For ultrashort laser pulses (pico-or femtosecond) the formula can be valid only for conditions when thermal evaporation is the dominant mechanism of ablation, which is a rather uncommon situation [2] .
Analysis of experimental data
Niobium
As an example, let us consider laser ablation of niobium (Nd:YAG laser, 13 ns FWHM, 6 J cm −2 ) [7] . The detector is located at a distance L = 68 mm from the target. The surface temperature was determined based on the thermal model of PLA combined with DSMC calculations as T DSMC = 6,757 K. Figure 7 (a) shows the experimental TOF distribution in comparison with the DSMC one from [7] and the fitting formula (25) . The reference data used for fitting are presented in table 1. The fitting temperature is T fit = 6,831 K, which differs from the DSMC data by only 1.1%. This temperature is well below the critical temperature T C = 7,610 K, which indicates the plausibility of the obtained result. Generally, the critical temperature sets the upper limit for the surface temperature at nanosecond irradiation regimes. It should be noted that formulas (1) and (2) give much higher temperatures (T free = 13,160 K and T flow = 10,200 K).
Copper
Another example is copper ablation (KrF laser, 15 ns FWHM, 4.5 J cm ) [55] . The detector is located at a distance L = 218 mm from the target. Unlike the previous example, for this case a thermal analysis has not been performed and the surface temperature is unknown. However, earlier DSMC studies have demonstrated that the observed TOF distribution can correspond to evaporation with the surface temperature T DSMC = 4,520 K [36] . The usual fittings (1) and (2) give quite different temperatures: T free = 10,280 K and T flow = 2,750 K. Figure 7 (b) shows the experimental TOF distribution in comparison with the DSMC calculation [36] and the fitting formula (25) . The used copper properties are presented in table 1. Here, the TOF distribution shape notably differs from the experimental and numerical ones, which can be attributed to the proposed simplification of equation (8) . However, the derived T fit differs from the DSMC value only by 12%.
Graphite
As a third example, we analyze graphite ablation (Nd:YAG laser, 7 ns FWHM, 0.45 J cm −2 ) [22] . The detector is located at a distance L = 81 mm from the target. As in the case of niobium, the thermal model of PLA combined with DSMC calculations was applied, which allowed us to determine the surface temperature T DSMC = 4,920 K [22] . Fitting the experimental TOF distribution by equation (1) gives T free = 13,290 K [22] , while equation (2) gives unphysical values T flow = 18,860 K and negative velocity V flow = −1460 m s −1 , which obviously demonstrates a limitation of using equation (2) . In contrast to the first two cases, where monatomic gases have been considered, the main detected species of graphite ablation in the considered regimes were C 3 molecules. Since vibrational degrees of freedom are known to require many collisions for their deactivation [56] , only rotational degrees of freedom are taken into consideration. The C 3 molecule is known to be a linear one [57] , thus we propose j = 2.
Figure 7(c) shows the experimental TOF distribution in comparison with the DSMC calculation [22] and the fitting formula (25) . The used graphite properties are presented in table 1. The fitting temperature is 4,475 K, which differs from the DSMC one only by 9%.
Gold
The last considered example is gold ablation (KrF laser, 16 ns FWHM) [58] . For this case the TOF distributions were analyzed for the fluence range from 0.68 up to 0.93 J cm −2 . The used gold properties are presented in table 1. To estimate the hard sphere diameter d, the parameters of the Lennard-Jones model σ = 2.651 Å and ε = 0.2212 eV [59] were used. Assuming vapor temperature 4,000 K, the diameter can be estimated as d = 3 Å (see appendix D). Figure 8(a) shows the temperature determined based on equation (1) (used for analysis in [58] ) and equation (25) . The formula (1) for all fluences gives temperature values higher than the critical ones, while the new formula gives such a high temperature only for F > 0.9 J cm −2 . This supercritical temperature can be explained by initiating ionization within the plume and associated absorption of laser energy at relatively high laser fluences, which is not taken into account in our model. Figure 8 (b) presents experimentally measured ablation yield as a function of laser fluence, where the right axis shows the number of evaporated monolayers estimated using the new formula. Assuming that one unit of the ablation yield is equivalent to two monolayers, we obtain good agreement between the experimental and theoretical data.
Summary
The data of the above analysis are presented in table 2. The evaluation errors for each used formula were calculated as a relative difference between the fitting temperatures determined using equations (1), (2) and (25) (T free , T flow or T fit ) and the temperature T DSMC determined using thermal modeling combined with DSMC simulations. One can see that equations (1) and (2) can give errors in the ranges of 100-150% and 50-150%, respectively, and the temperature can be both overestimated and underestimated depending on the irradiated conditions and material. Meanwhile, the new formula only gives an error of about 10%.
It should be noted that despite wide use of TOF spectra for the analysis of experimental data, it is rather difficult to find sufficient experimental TOF spectra for verification of the proposed model. Usually TOF distributions are measured for ionized gases or gas mixtures or under conditions of intense absorption of the incident laser beam within the plume, which are beyond the limits of the current model. For TOF spectra of neutral species, no information is usually given on the surface temperature. To the best of our knowledge, the only two experimental works which provide the surface temperature during ablation as well as the TOF spectra are the presented studies of niobium and graphite ablation [7, 22] . Copper is simply taken as an example of the application of the proposed approach for analysis of arbitrary experimental TOF data. Gold provides a verification of the formula via comparison of the ablation rate. Summarizing, it may be stated that the commonly used formulas (1) and (2) are important primarily for quantitative estimation of the kinetic energy of the laser-produced particles and corresponding comparative analysis of different regimes. The new physically based formula allows insight into laserinduced processes at the irradiated surface and, hence, presents a new instrument for studies of pulsed laser ablation and desorption.
Conclusion
A theoretical study of the TOF distributions for neutral particles under pulsed laser evaporation in a vacuum has been performed. Based on DSMC calculations, a new analytical formula for TOF distributions has been proposed. All coefficients in this formula have been derived from general gas-dynamic analysis and have clear physical interpretation. An analysis of experimental TOF distributions under laser ablation of different substances has been performed, with the estimated surface temperature being in good agreement with the results of the thermal model calculations and experimental measurements. It is shown that the new TOF formula allows determination of the surface temperature with an error of 10% instead of 50-150% for commonly used formulas.
Let us determine the fraction of molecules leaving the surface with a given axial velocity u and reaching a detector with radial size h located at a large distance L >> h from the surface so that the axes of the irradiation spot and the detector coincide. The travel time to the detector is t = L/u. During this time interval, a molecule moves to the radial position R = v·t, which should be smaller than h. Hence, if the molecule has the radial velocity component v ≤ v max = h/t, it arrives at the detector. The fraction of such molecules is Figure 8 . The surface temperature determined using equations (1) and (25) (a) and the ablation yield (b) as a function of laser fluence F for the case of gold ablation [58] . If we consider density instead of flux, the corresponding TOF distribution I(t) ~ t·I f (t) reduces to the form (1). It is worth noting that formulas (1) For example, such a presentation is used in [20, 61] . However, for such a consideration it is difficult to unambiguously identify the initial plume temperature T 0 , and therefore we prefer to use the first approach, where T 0 is the surface temperature. A more detailed analysis of the difference between density and flux-weighted distributions can be found in [62] . . 
Appendix D. Coefficients in the formula (25)
Some ambiguity can be related to determining values of the evaporation duration τ and the hard sphere diameter d in equation (25) . The proposed evaporation duration τ is a priori unknown. However, for nanosecond laser ablation, this duration is known to correlate well with the laser pulse duration [7, 63, 64] , and the previous DSMC study has demonstrated that assumption of their equality is reasonable [36] .
For most substances, there are no data on the hard sphere diameter d. However, its value at a temperature T can be determined using the Lennard-Jones parameters as [24] 
